[bookmark: _GoBack]LIKENESS: A SYSTEM SEARCHING FOR AND ALIGNING SIMILAR PROTEIN CONFORMATIONS.
PONOMARENKO M.P.+, KOLCHANOV N.A., SHINDYALOV I.1, BOURNE P.1
Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of Sciences, 10 Lavrentiev Ave., Novosibirsk, 630090, Russia;
1San Diego Supercomputer Center, San Diego, CA 92186-9784, USA
+Corresponding author
Keywords: proteins, protein conformation, similarity, structure alignment, stochastic geometry, fuzzy logic, utility theory, decision making
Abstract
A method for estimation of similarity in protein conformations based on stochastic geometry, fuzzy logic, and the utility theory for decision making is proposed. This method was used to create a system LIKENESS designed to search for and align similar protein conformations from PDB. The system LIKENESS is shown to solve these problems under real-time mode. The system is accessible at http://cl.sdsc.edu/.
Introduction
The databank PDB is the source of information on 3D structures of proteins [1]. Search for and alignment of similar protein conformations are typical problems of its analysis [2]. The methods that have been so far proposed for this aim [2-12] are so time-consuming that specialized databanks, such as FSSP [12], DALI [8], CATH [13, 14], SSAP [15], and Entrez/3D [16] are developed to store the results obtained. We propose a method for estimation of protein conformation similarity that is based on stochastic geometry [17], fuzzy logic [18], and the utility theory for decision making [19]. The method allows similar protein conformations to be searched for in PDB [1] and aligned under real-time mode.
Materials and methods
The databank MOOSE [20-22] was used in the work (Fig. 1; an object-oriented PDB [1] where the data are systematized according to the protein structural patterns). We supplemented MOOSE [20] with the structural properties that are calculated from atomic coordinates (Table 1): accessible surface and polarity [23], secondary structure [24], [image: fi.gif (62 bytes)] - and [image: ksi.gif (65 bytes)] -angles [25-28], the distances and angles (Fig. 2) between [image: c_alpha.gif (76 bytes)] atom of a given residue and the neighboring [image: c_alpha.gif (76 bytes)] atoms or between the centers of mass of various protein fragments (totally 495 properties). The values of these properties for each residue of each protein have been calculated and are stored in the database LIKENESS (http://cl.sdsc.edu/).
The method proposed is designed to estimate the similarity of conformation of arbitrary proteins S and T. If these proteins had an "[image: aplha.gif (65 bytes)] /[image: aplha.gif (65 bytes)] " folding, the distances between the [image: c_alpha.gif (76 bytes)] atoms of their (i-2)th and (i+2)th residues (distance AE in Table 1) would be important for estimation of their similarity; for "[image: beta.gif (67 bytes)] /[image: beta.gif (67 bytes)] " folding, the distances between the [image: c_alpha.gif (76 bytes)] of their (i-1)th and (i+1)th residues (distance BD in Table 1). However, such information is lacking for arbitrary proteins S and T. On the whole, additional information is lacking for the procedures decreasing dimensionality of the methods for data analysis in similarity estimation of any arbitrary proteins. That is why our method is based on the following idea: when the proteins S and T are similar, the majority of their properties {fn} is approximately similar {fn(S) [image: appr.gif (54 bytes)] fn(T)}. Since the accuracy of such estimation increases with the number of the conformational properties involved, we take into consideration as many properties as our computer (Alpha, Digital Equipment Corporation) allows.
Let's consider the proteins S and T and a set of N properties of their conformation {fn} (where 1<= n<= N<=495). The matrix of similarity of their conformations characterizes their residues si and tj at positions i and j in terms of equality of the values {fn(si) [image: appr.gif (54 bytes)]  fn(tj)} of {fn} properties. Then the estimation of similarity of the residue codes is as follows:
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image211.gif](1)
 
where PAM (x;y) is the similarity of the residues x and y for the alignment of protein sequences [25].
Similarity of the secondary structures fn(si) and fn(ti) in the Kabash-Sander alphabet {h, g, t, i, b, e, s, [image: zero.gif (70 bytes)] } [24] is:
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image212.gif](2)
 
Similarity of the conformations in their quantitative properties fn(si) and fn(ti) {fn(si) [image: appr.gif (54 bytes)] fn(tj)} with the range of values Range(fn) is estimated in a "null" approximation, when any fn values are considered equally probable. In this case, the hypothesis {H0: fn(si)=fn(tj)} is tested using the following equation [29]:
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image213.gif]. (3)
 
This significance level [image: aplha.gif (65 bytes)] n is transformed into similarity estimation by the following equation:
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image214.gif](4)
 
The particular values of similarity estimations (equations 1-4) are used to calculate the integral estimation:
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image215.gif]. (5)
 
Application of equations (1-5) to each pair of residues si and tj of the proteins S and T gives the matrix {U(si;tj)} (Fig. 3), which has the two following interpretations:
(#) IF {U(si;tj)<0}, THEN {the residues si and tj dissimilar};
($) IF {U(si;tj)>U(si;tk)>0}, THEN {the conformation of the residue si is more similar to the conformation of tj, than of tk.}.
This interpretation coincides with the maximization of Needleman-Wunsch similarity [30] for sequence aligning. Thus, LIKENESS aligns the sequences of Ca atoms and then matches it with the minimum of root-mean-square deviation RMSD [31]. For the same reason, the similarity of the fragments {si,...,si+[image: delta.gif (56 bytes)] -1} and {tj,...,tj+[image: delta.gif (56 bytes)] -1} of length D of the proteins S and T is estimated by the equation:
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image216.gif]. (6)
 
While searching PDB for the proteins similar to the fragment {si,...,si+[image: delta.gif (56 bytes)] -1} of the protein S, LIKENESS excludes the proteins lacking such similarity (interpretation #) and reveals one most similar fragment in each of the rest proteins (interpretation &).
LIKENESS is realized in C++, installed at the San-Diego Supercomputer Center (USA), and is available at "http://cl.sdsc.edu/". Note that we adopted the description of geometrical objects with the help of hypothesis on "equality of their values of the same type" from stochastic geometry [17]; the qualitative similarity estimation, from Zadeh's fuzzy logic [18]; and averaging of particular estimations into the integral estimation, from the utility theory for decision making [19].
Results and discussion
Let's use the example of [image: aplha.gif (65 bytes)] - and [image: beta.gif (67 bytes)] -hemoglobins [33] to describe the operation of LIKENESS. Dark cells in the similarity matrix of[image: aplha.gif (65 bytes)] - and [image: beta.gif (67 bytes)] -hemoglobins (Fig. 3a) indicate similarity; light cells, dissimilarity; the optimal route of alignment lies along the main diagonals of the matrix with a transition between them, indicated by arrow. This transition means a deletion in [image: aplha.gif (65 bytes)] -hemoglobin compared with [image: beta.gif (67 bytes)] -hemoglobin. The [image: c_alpha.gif (76 bytes)] atoms of [image: aplha.gif (65 bytes)] - and [image: beta.gif (67 bytes)] -hemoglobins are matched with rmsd=2.75е and visualized with the program RASMOL [32] (Fig. 3b). Note that LIKENESS detected the helix D' (framed), which is the major distinction between these hemoglobins.
LIKENESS was used to search for the proteins similar to the Greek key between positions 28 and 73 of prealbumin: four [image: beta.gif (67 bytes)] -turns and three  [image: beta.gif (67 bytes)]-turns [34, 35]. Greek keys 25 to 124 residues long occur in [image: beta.gif (67 bytes)] /[image: beta.gif (67 bytes)] -domains and [image: beta.gif (67 bytes)] -barrels [35, 36]. We succeeded in finding in PDB [1] 41 fragments: the initial Greek key of prealbumin and its homologs, the Greek key of concanavalin A and its homologs, the Greek key of lectin and its homologs, and a fragment of soluble fatty acid-binding protein, lacking the recorded occurrence of Greek keys [35-38]. Shown in Fig. 4 are (a) alignment, performed by LIKENESS, of the this discovered fragment (light) with the initial Greek key of prealbumin (dark) and (b) their similarity matrix, where the dark cells indicate the similarity of [image: beta.gif (67 bytes)] -strands. Thus, LIKENESS has successfully found the similarity of the known Greek keys of prealbumin, concanavalin A, and lectin and a fragment of soluble fatty acid-binding protein with a similar arrangement of [image: beta.gif (67 bytes)] -strands and [image: beta.gif (67 bytes)] -turns.
Since LIKENESS is able to find successfully the similarity of arbitrary proteins, the possibility exists to modify this system for [image: aplha.gif (65 bytes)]/[image: aplha.gif (65 bytes)] -, [image: aplha.gif (65 bytes)] /[image: beta.gif (67 bytes)] -, [image: beta.gif (67 bytes)] /[image: beta.gif (67 bytes)] -domains, [image: beta.gif (67 bytes)] -barrels, and Greek keys: involvement of the available data on these local protein conformations will increase the accuracy and speed of LIKENESS operation.
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Table 1. Examples of protein conformation properties used in the work
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/104.gif]
 [image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/104a.gif] 
 
	[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image217.gif]
	Figure 2. Model of the conformation of the residue at the position i of a protein: A, B, C, D, and E are the Сa atoms at positions from i-2 to i+2; M, center of their mass; G, center of the mass of the Сa atoms at a distance of not more than 25е from this pentapeptide (broken circle); K, I, and J, the centers of mass of the tripeptides containing the ith residue; L and R, centers of mass of the decapeptides from i-12 to i-3 and from i+3 to i+12 (dark circles); and P, the center of mass of the protein (ellipse). Broken lines connect the centers of mass with the corresponding [image: calpha.gif (77 bytes)] atoms. Arrows indicate the run of the protein chain



	a)
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image218.gif]
Figure 3. (a) Conformation similarity matrix of [image: aplha.gif (65 bytes)] - and [image: beta.gif (67 bytes)] -chains of hemoglobin. Dark cells indicate similarity (U>0); light, dissimilarity (U<0); arrow marks the deletion in the [image: aplha.gif (65 bytes)] -chain. (b) Visualization of the alignment of conformations of [image: aplha.gif (65 bytes)] -chain (dark) and [image: beta.gif (67 bytes)] -chain (light) of hemoglobin using the program RASMOL [32]. The rectangle contains the [image: aplha.gif (65 bytes)] -helix D’ in [image: beta.gif (67 bytes)] -chain, deletion of which in [image: aplha.gif (65 bytes)] -chain is the major distinction of their conformations.
	b)
[image: http://www.bionet.nsc.ru/meeting/bgrs/thesis/104/Image219.gif]
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Figure 4. (a) Alignment of
the conformations of the
known  Greek key of
prealbumin (dark) and the
fragment of soluble fatty
acid-tinding protein found
by LKENESS _(ight)
visualization by RASMOL
[32]; RMSD=6.92 E. (5} The
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